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vents leading to the discovery of hormonal ablation therapy for prostate
cancer span a period of perhaps several hundred years, culminating in the
classic work of Huggins in 1941.1 Androgen deprivation remains the standard

of care for men with advanced prostate cancer, with symptomatic or objective
responses in 80% of patients. Invariably, progression to androgen-independent
disease occurs within a few years. The mechanisms by which tumors recur after
androgen deprivation therapy are becoming clear. Several comprehensive reviews
discuss current ideas about progression of prostate cancer to androgen inde-
pendence.2–4 This review focuses on the most recent findings on this topic. 
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New developments in molecular and cellular biology are rapidly increasing
knowledge of the mechanisms of androgen action in the prostate. Molecular
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of a majority of recurrent cancers. Rather, overexpression, mutation, and ligand-
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Early Events in the Prostate
After Androgen Ablation
An in-depth understanding of the
events that occur in the prostate 
following androgen ablation is
undoubtedly essential for identifying
the mechanisms by which cancers
become resistant to hormonal depri-
vation. Animal model systems have
been useful for studying androgen
action, and molecular and cellular
events that occur in the normal rat
prostate following castration have
been extensively documented.5,6 Tissue
regression that occurs following
androgen deprivation is accompanied
by the temporal regulation of several
hundred genes, many of them prostate
specific and expressed in the epitheli-
um. For the most part, changes in gene
expression are related to apoptosis that
occurs in the differentiated secretory
cells of the normal epithelium in
response to androgen depletion.
These cells express androgen recep-
tor (AR), and androgen activation of

the AR is required for differentiation
as well as survival of these cells.
Basal epithelial cells for the most
part do not express AR, and they are
not dependent on androgen for sur-
vival. When androgen is restored, the
basal cells proliferate and regenerate
the differentiated epithelium, pre-
sumably through paracrine-acting

growth factors mediated by andro-
genic action on the stroma. 

The nature of androgen action on
human prostatic cells has by necessity
been learned mainly from cultured
cells and xenografts. However, clinical
application of neoadjuvant androgen
ablation therapy has provided a

means of studying the events that
occur in the human prostate within a
relatively short period of time after
androgen depletion. By examining
specimens obtained by biopsy or
radical prostatectomy after 4 to 12
weeks of therapy, investigators have
been able to describe a number of
events that occur in normal human
prostatic tissues as well as in prostatic
intraepithelial neoplasia and in

tumors. Many of the molecular and
cellular changes that occur in the
rodent prostate after androgen depri-
vation also occur in the human
prostate. Secretory epithelial cells die
by apoptosis, and basal cells remain
intact (Figure 1). 

The effects of neoadjuvant androgen
deprivation therapy on cancer in com-

parison to normal prostatic tissue are
interesting to consider. One important
finding is that cancer cells may not
undergo apoptosis to the same extent
that the normal prostatic epithelium
does, as there is considerable evidence
of residual cancer remaining after
androgen deprivation.7–12 This finding

is in agreement with the concept that
expression of antiapoptotic factors is
involved in the development of
androgen-independent tumors. If
androgen is a survival factor, then
expression of factors that protect a
cancer cell from androgen-ablation-
mediated apoptosis may be a critical
feature of the androgen-independent
phenotype.13 In this regard, recent
observations have provided addi-
tional information about the events
leading to apoptosis of prostatic
epithelial cells upon depletion of
androgen. One of the earliest events,
occurring prior to the initiation of
epithelial apoptosis, is degeneration
of the prostatic vasculature. This has
been observed in animal models as
well as in the human prostate.14,15

This event is mediated at least in part
by decreased expression of vascular
endothelial growth factor (VEGF), an
androgen-regulated gene, in the pro-
static epithelium and stroma.16–18 These
observations suggest that hypoxia
caused by degeneration of the vascu-
lature may be the event that causes
death of the epithelium. Those cancer
cells that resist apoptosis upon
androgen deprivation may therefore
do so through expression of factors
that protect from hypoxia, which
may be different factors from those
that protect from apoptosis induced
by other stimuli.

Cancer cells may not undergo apoptosis to the same extent that the normal
prostatic epithelium does, as there is considerable evidence of residual
cancer remaining after androgen deprivation.
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Figure 1. Events occurring in the normal prostate following androgen ablation. At T0, the epithelium and vasculature
are intact and androgen is bound to the AR of secretory epithelial cells. At T6h after androgen depletion, the earliest
observed event is degeneration of the vasculature. By T48h, secretory epithelial cells undergo apoptosis. At later
time points (T>6d), only basal epithelial cells remain.
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In conjunction with characterizing
the molecular and cellular changes
that occur in prostate cells when
androgen is removed, investigators
have also tried to delineate the
processes that occur upon restoration
of androgen. Despite the fact that
androgen is considered the major
growth factor for prostatic epithelial
cells, signaling pathways that mediate
androgen-stimulated cell proliferation
are poorly understood. Studies that
address this issue implicate cell cycle
regulators and transcription factors
such as CDK4, CDK2, p16, p21, p27,
and AP-1.19–22 Other investigations
have found roles for protein kinase
CK2 and mitogen-activated protein
kinase (MAPK) in mitogenic signaling
by androgen.23,24 Tactics for sorting
out the signaling pathways triggered
by androgen include a variety 
of methods of analyzing the gene
expression profiles of control and
androgen-treated cell lines such as
LNCaP.25

Alterations in the AR Gene 
in Androgen-Independent
Prostate Cancer
Contrary to preconceived notions,
loss of the AR gene or its expression
is not a common feature of androgen-
independent cancer. In fact, a high
percentage of androgen-independent
cancers appear to maintain expres-
sion of the AR gene.26 However, many
of these cancers have genetic alter-
ations that change the activity of the
receptor (Figure 2). Amplification of
the AR is one type of genetic modifi-
cation, reported to occur in about
20% to 30% of locally recurrent 
or metastatic androgen-independent
prostate cancers.27,28 Amplification of
the AR gene was verified to correlate
with more expression of RNA tran-
scripts of AR.28 Even hormone-refrac-
tory tumors without amplification of
the AR gene show more expression of
AR mRNA transcripts or protein than

androgen-dependent tumors do, sug-
gesting that other mechanisms
besides gene amplification may lead
to overexpression of the AR.28,29

Investigation of the properties of the
AR in model systems of androgen-
independent cancer showed that
high-level expression of AR was
associated with increased stability,
constitutive nuclear localization, and
increased sensitivity to growth promo-

tion by low levels of dihydrotestos-
terone.30 Therefore, high levels of AR
may allow prostate cancer cells to
proliferate in response to the low lev-
els of androgen that remain after many
types of androgen-deprivation therapy. 

Activity of AR is dependent on a
variety of nuclear receptor coactiva-
tors. Analysis of the expression of
these cofactors in prostatic tissues

has just begun, but a recent study
suggests that altered expression of
AR coactivators may occur in recur-
rent cancer. Gregory et al found that
overexpression of two coactivators,
transcriptional intermediary factor 2
(TIF2) and steroid receptor coactivator
1 (SRC1), accompanied overexpres-
sion of the AR in hormone-refractory
cancers.29 Furthermore, they demon-
strated that overexpression of these

coactivators increased AR transacti-
vation of downstream gene targets 
at physiological concentrations of
adrenal androgen. Therefore, overex-
pression of coactivators is another
mechanism by which prostate cancer
may continue to grow via androgen-
mediated activity in the presence of
low levels of androgen.

Mutations in the AR occur in a

Figure 2. Status of the androgen receptor (AR) in recurrent, hormone-refractory prostate cancer. In a subset of
cancers, AR is absent and growth is driven by AR-independent mechanisms. In the majority of cancers, however,
AR is present. Amplification of AR makes cells supersensitive to low levels of androgen. Mutation may reduce
ligand specificity, permitting activation of the AR by non-androgens. Activity of the wild-type AR may be driven
by high levels of peptide growth factors that activate AR by ligand-independent mechanisms.

Loss of the AR gene or its expression is not a common feature of androgen-
independent cancer.
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subset of recurrent cancers, perhaps
at a frequency as high as 40% to
50%.31 Buchanan et al recently
reviewed the mutations that have
been found in the AR and discussed
the biological consequences on AR
activity for each of these mutations.32

Most of these mutations result in the
acquisition of a gain of function for
the AR, usually manifested by
reduced discrimination for ligand-
dependent activation. There is evidence
that the type of androgen-ablation

therapy used may provide selective
pressure for specific mutations. In
one study, mutations in the AR were
found in 5 of 16 recurrent tumors
following therapy with flutamide.33

Molecular studies showed that this
particular mutation allowed flutamide
to act as an agonist of the AR. Of
those patients treated only with
monotherapy, only 1 of 17 recurrent
tumors had a mutated AR, and this
mutation did not confer agonistic
activity on flutamide.

Loss of AR expression occurs in
some cancers, at a frequency esti-
mated at 20% to 30% by some inves-
tigators.34 Methylation silences the
AR gene promoter in many of these
cases and is linked to loss of expres-
sion of AR.34 In these cases, growth
of recurrent cancers would indeed be
“androgen independent."   

Ligand-Independent Activation
of the Androgen Receptor
Steroid hormone receptors, including
the AR, can be activated by non-
steroidal factors. Insulin-like growth
factor I (IGF-I), epidermal growth
factor (EGF), keratinocyte growth
factor (KGF), and interleukin-6 (IL-6)
are cytokines produced by prostatic

stromal or epithelial cells that activate
AR.35–37 This effect is specific and is
not mediated by certain other growth
factors, such as IGF-II or fibroblast
growth factor 2 (FGF-2). Activation
of the androgen receptor by peptide
growth factors is blocked by the
androgen receptor antagonist,
casodex. These growth factors do not
directly bind to androgen receptors
but instead activate the receptors via
signal transducers such as MAPK
and protein kinase A.38–40

Her-2/neu is a nonsteroidal factor
that is gaining considerable attention
for its possible role in androgen-
independent prostate cancer.
Overexpression of Her-2/neu, a
receptor tyrosine kinase, has been
associated with progression to
androgen-independent disease.41 Her-
2/neu activates the AR by a ligand-
independent mechanism,42 like the

aforementioned growth factors, and
overexpression in a xenograft model
of human prostate cancer led to
androgen-independent growth.43 These
findings are particularly relevant to
therapy because antibodies that
block Her-2/neu are available and
are being tested in clinical trials.

Ligand-independent activation of
the AR may not always lead to
events that promote cancer growth.
The differentiation agent butyrate
inhibits the growth of prostate cancer
cells yet affects ligand-independent
activation of the AR.44 It may be 

possible to identify agents that dif-
ferentially promote AR-mediated
signaling pathways leading to differ-
entiation instead of proliferation.    

Molecular Features of Androgen-
Independent Prostate Cancer
Investigators have taken advantage
of androgen-responsive prostate
cancer cell lines or xenografts to
study the development of androgen-
independent phenotypes. Growing of
cells in vitro or in vivo in androgen-
depleted conditions gives rise to
androgen-independent variants with
an array of different features.
Comparative analyses have revealed
a number of changes that occurred in
the cell lines or xenografts that were
selected for androgen-independent
growth.45–47 Several of these changes
deserve special consideration because
of their biological implications.
Caveolin, endothelin, and/or bcl-2,
for example, are overexpressed in
androgen-independent prostate cancer
cells or tumors.3,48,49 These proteins
are involved in cell survival and
resistance to apoptosis. A direct link

between changes in expression of
caveolin and androgen independence
is suggested by restoration of andro-
gen sensitivity in prostate cancer
cells by suppression of caveolin
expression.50 The association of anti-
apoptotic genes with recurrent
prostate cancer strongly suggests
that these genes allow cancer cells to
escape apoptosis mediated by andro-
gen deprivation.   

Recently, investigators have focused
on identifying the earliest changes
that occur as prostate cancer cells
progress from androgen responsive-

Her-2/neu is a nonsteroidal factor that is gaining considerable attention
for its possible role in androgen-independent prostate cancer.

The association of antiapoptotic genes with recurrent prostate cancer
strongly suggests that these genes allow cancer cells to escape apoptosis
mediated by androgen deprivation.
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ness to androgen independence. For
example, Myers et al reported that
fatty acid synthase was an early
marker of progression to androgen
independence in the prostate cancer
xenograft, CWR22.51 It is interesting
that expression of fatty acid synthase
originally depends on androgen.52 In
fact, a number of studies describe the
general phenomenon that the genes
differentially expressed in androgen-
independent cells are those that were
originally regulated by androgen.53 It
is also important to note that many
sublines selected to grow in the
absence of androgen in fact remain
androgen responsive, in that they

exhibit molecular and cellular changes
in response to androgen.54 This is
possibly due to the continued expres-
sion of AR in these cells. Similarly to
the spectrum of changes in the AR in
hormone-refractory tumors, prostate
cancer cell lines or xenografts show
loss of AR, expression of wild-type
AR, mutated AR, or amplified AR.55

A transgenic mouse model of
prostate cancer driven by the
prostate-restricted expression of the
SV40 T-antigen revealed relation-
ships between mutation of the AR
and emergence of androgen-independ-
ent prostate cancer.56 In this model
system, following androgen ablation
at 12 weeks of age, androgen-inde-
pendent cancers reproducibly emerge.
The majority of these tumors have
mutations in the AR, mostly in the
AR transactivation domain. All AR
variants in this study maintained a
strong sensitivity for androgen, and
several had increased activity in the
absence of ligand. Androgen-inde-
pendent cancers also emerged in

intact animals, and interestingly,
these also had mutated AR but the
mutations were specifically in the AR
ligand-binding domain. These results
support the emerging concept that
the hormonal environment may select
for specific types of mutations in the
AR gene that provide a growth advan-
tage in that particular environment. 

Androgen-independent tumors
derived from patients have also been
compared to androgen-dependent
tumors in order to identify features
consistently associated with androgen
independence.57 As might have been
expected, a multitude of changes
involving factors associated with cell

cycle regulation and/or apoptosis
have been reported in androgen-
independent cancers. Decreased levels
of tumor suppressor genes such as
RB1 are among the numerous
changes reported.58 Certain tumor
suppressor genes may in fact directly
oppose androgen action. A recent
study provided evidence that the 
tumor suppressor PTEN/MMAC1/TEP-1
represses the transcriptional activity
of the AR through inactivation of a
protein kinase known as Akt.59 This
implies that when PTEN activity is
diminished, as it frequently is in
advanced prostate cancer due to allel-
ic loss of the PTEN gene, androgen
action would be left unopposed. This
scenario provides an additional
molecular basis for the development
of androgen independence and sug-
gests new therapeutic targets, such
as Akt.  

An additional intriguing observa-
tion is that markers of the normal
basal epithelium of the prostate,
expressed at low or no levels in low-

grade or early-stage prostate cancer,
appear in androgen-independent
prostate cancer.60 Efforts continue 
to try to sort out which of these
changes are causative and which
may be secondary or related to
increased genetic instability in
advanced prostate cancer.    

Predictive Markers of Response to
Androgen Deprivation Therapy
Molecular markers to predict an indi-
vidual’s response to androgen ablation
therapy are being sought. Given the
role of the AR in development of
androgen-independent prostate cancer,
investigators have evaluated features
of the AR or other factors related to
androgen action as potential predictive
markers of relapse after androgen
ablation. Prins et al reported that
image analysis of AR immunostaining
accurately predicted response to hor-
monal therapy.61 The predictive feature
of the AR was not the intensity of
staining per se or the percentage of
positive cells but rather was the
degree of heterogeneous expression.
Others had described a similar phe-
nomenon several years ago.62 On the
other hand, Palmberg et al reported
that AR gene amplification at primary
progression predicted the response 
to combined androgen blockade as
second-line therapy for advanced
prostate cancer.63

Other investigators found that
polymorphisms in the AR gene not
only were associated with prostate
cancer risk but also were significant
predictors of relapse and survival
after androgen ablation. Both the CAG
and the GGC repeat lengths in the
AR gene were associated with poor
response to androgen ablation.64,65

Markers other than the AR have
been related to outcome after andro-
gen deprivation therapy. Baretton et
al observed that expression of the cell
cycle regulatory protein p21WAF1CIP1

had prognostic significance.66 High

Polymorphisms in the AR gene not only were associated with prostate
cancer risk but also were significant predictors of relapse and survival
after androgen ablation.
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levels of expression of p21 in tumor
tissues before androgen deprivation
were associated with poor outcome
after therapy. Another factor that
regulates cellular growth and differ-
entiation, transforming growth fac-
tor-�(TGF�), was also associated
with response to androgen depriva-
tion. Upregulation of TGF� and its
receptor, T�RII, occurs when normal
prostatic epithelial cells undergo
apoptosis upon the removal of
androgen. Prostate cancer that
responded to castration by undergo-
ing apoptosis showed an induction

of TGF� and its receptor; cancers
that did not respond to castration did
not exhibit upregulation of TGF�
and T�RII.11

Stattin et al also evaluated molec-
ular markers associated with apopto-
sis in prostate cancers before and
after castration.67 These investigators
were unable to find a correlation
between expression of p53, bcl-2,
bax, or fas and response to castration,
but they did find that the develop-
ment of a regressive morphology in
cancers after castration was strongly
related to clinical outcome. 

Strategies to Delay Progression
to Androgen Independence
As more information is gained about
the features of prostate cancer as it
progresses from androgen dependent
to androgen independent, strategies
based on this new knowledge are
being developed to slow or prevent
such progression. Several strategies
are based on the apparent relation-
ship between antiapoptotic factors
and androgen independence. For
example, expression of bcl-2, an
antiapoptotic factor, is significantly
more frequent in advanced, androgen-

independent prostate cancer than in
untreated cancers.68,69 Gleave et al used
a prostate cancer xenograft model to
show that progression to androgen
independence was delayed by adju-
vant treatment with antisense bcl-2
oligonucleotides after castration.70

IGF-binding protein 5 (IGFBP-5),
like bcl-2, is upregulated by castra-
tion. IGFBP-5 potentiates mitogenic
activity of the IGFs and accelerates
progression to androgen independence
in prostate cancer models. Blocking
IGFBP-5, like blocking bcl-2, slowed
progression to androgen independ-

ence in an experimental model.71

Targeting other antiapoptotic factors,
such as testosterone-repressed prostate
message-2 (TRPM-2), shows similar
promising results in preclinical mod-
els.72 Investigators also continue to
seek evidence that chemotherapy at
the time of androgen ablation can
slow or prevent progression to
androgen independence.73–76

If androgen-independent growth is
in fact being driven by action of the
AR, then strategies that block this
activity might be effective against
recurrent cancer. Drugs being tested
include tyrosine kinase inhibitors
that block proliferation stimulated
by growth factors and/or androgen.77

Down-regulation of the AR might be
another effective strategy. This could
be accomplished by molecular
approaches, such as through applica-
tion of antisense AR, or by epigenetic
means. For example, quercetin and
flufenamic acid, compounds that may
have chemopreventive activity, were
reported to inhibit the expression of
the AR.78,79

Conclusions
Based on new developments in our

understanding of the molecular phe-
notype of recurrent prostate cancer,
it is perhaps no longer correct to
refer to “androgen-independent" dis-
ease. In fact, growth of the majority
of recurrent cancers quite possibly
continues to be driven by androgen.
Many recurrent tumors retain AR
expression, and there is evidence for
mutated AR with altered specificity,
amplified AR that confers increased
sensitivity, and ligand-independent
activation of AR by peptide growth
factors. Upregulation of antiapoptotic
genes and alterations in cell cycle
regulatory molecules contribute to
the aggressive phenotype of advanced
prostate cancer. Recognition of the
molecular basis of recurrent prostate
cancer provides a starting point for
new strategies to delay or prevent
progression.                              
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